Abstract-We discuss in detail a new mechanism of nonlinearity of the light-current characteristic (LCC) in heterostructure lasers with reduced-dimensionality active regions, such as quantum wells (QWs), quantum wires (QWRs), and quantum dots (QDs). It arises from: 1) noninstantaneous carrier capture into the quantum-confined active region and 2) nonlinear (in the carrier density) recombination rate outside the active region. Because of 1), the carrier density outside the active region rises with injection current, even above threshold, and because of 2), the useful fraction of current (that ends up as output light) decreases. We derive a universal closed-form expression for the internal differential quantum efficiency int that holds true for QD, QWR, and QW lasers. This expression directly relates the power and threshold characteristics. The key parameter, controlling int and limiting both the output power and the LCC linearity, is the ratio of the threshold values of the recombination current outside the active region to the carrier capture current into the active region. Analysis of the LCC shape is shown to provide a method for revealing the dominant recombination channel outside the active region. A critical dependence of the power characteristics on the laser structure parameters is revealed. While the new mechanism and our formal expressions describing it are universal, we illustrate it by detailed exemplary calculations specific to QD lasers. These calculations suggest a clear path for improvement of their power characteristics. In properly optimized QD lasers, the LCC is linear and the internal quantum efficiency is close to unity up to very high injection-current densities (15 kA/cm 2 ). Output powers in excess of 10 W at int higher than 95% are shown to be attainable in broad-area devices. Our results indicate that QD lasers may possess an advantage for high-power applications.
Internal Efficiency of Semiconductor Lasers With a Quantum-Confined Active Region (QD) lasers [1] , [4] . Recent research devoted to fabrication and improvement of QD lasers [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] indicates a number of potential advantages of such lasers over QW lasers in applications. All reported QW, QWR, and QD laser structures have a common feature, which is the subject of interest in this paper. The quantum-confined active elements are embedded in a bulk reservoir region [which also serves as an optical confinement layer (OCL)] from where carriers are fed via some sort of a capture process. Since the capture process is never instantaneous, it gives rise to a current dependence of the carrier density in the reservoir, even above threshold when the carrier density in the active region itself is pinned by the steady-state generation condition. The increasing carrier density leads to an increase in the parasitic current corresponding to carrier recombination in the reservoir and contributes to a deviation of the internal differential quantum efficiency from unity. This fact was noted by a number of authors [16] [17] [18] [19] [20] [21] [22] [23] but the actual reduction in due to this effect has never been quantified. In this paper, we develop a quantitative theory of the "reservoir effect" under very general assumptions and obtain results that hold true for quantum-confined laser structures of all three dimensionalities. It turns out that this effect, combined with the nonlinear (superlinear in the carrier density) dependence of parasitic recombination rate in the reservoir, gives a major contribution to the nonlinearity (sublinearity) of the light-current characteristic (LCC) at high injection currents-comparable in magnitude to the entire experimentally observed LCC degradation. This suggests that the reservoir effect is one of the dominant mechanisms limiting both the output power and the linearity of the LCC. Neglecting other known mechanisms of nonlinearity, such as lattice and carrier heating, we derive a universal analytic expression for the internal quantum efficiency as a function of the injection-current density, valid for QD, QWR, and QW lasers. A critical dependence of the power characteristics of a laser with low-dimensional active region on the structure design is revealed, which suggests an improvement strategy. The general theory is complemented by detailed exemplary calculations specific to QD lasers.
The paper is organized as follows. In Section II, we present the rate equations underlying our analysis and outline the main assumptions and simplifications made, specializing to the case of a QD laser. Solutions of the rate equations for the confined carrier level occupancy in a QD, carrier density outside the active region, stimulated emission photon number, internal and external differential quantum efficiencies, and output power are obtained in Section III. Section IV analyzes these solutions for different limiting cases. Section V illustrates results of calculations for a specific QD laser structure. Section VI generalizes 0018-9197/03$17.00 © 2003 IEEE the results obtained for QD lasers to the case of QWR and QW lasers, bringing them into a universal form valid for all three types of confinement. Our conclusions are summarized in Section VII.
II. FORMULATION OF THE PROBLEM AND BASIC EQUATIONS
Our calculation of the stimulated emission photon number and the output power is based on the steady-state rate equations. To neatly separate the subject for study and arrive at easy-to-analyze closed-form expressions, the following assumptions and simplifications are made.
A. Main Assumptions

1)
Heating effects, which may cause sublinearity and roll-over of the LCC at high injection currents, and thus strongly limit the maximum output power in a semiconductor laser, are not treated here. Device degradation issues (such as catastrophic optical damage at the mirror facets at high-power densities [24] , [25] ) are not addressed either. 2) Spatial hole burning (SHB) and multilongitudinal behavior of the laser generation (due to a standing wave nature of the emitted light and spatially discrete arrangement of QDs [26] ) are not taken into consideration. Hence the longitudinal ( ) coordinate dependence of the confined carrier level occupancies in QDs and of the free-carrier densities in the OCL is ignored const (
3) The free-carrier distribution in the transverse direction (direction of the structure growth, ) in the OCL is also assumed uniform const (2) This assumption means that the current is far from being controlled by diffusion across the OCL. Although transport to the active layer can affect the dynamic laser response [27] , [28] , it can be ignored in evaluating the steady-state output power. 4) The charge neutrality holds separately in the OCL and in the QDs, i.e., the free electron and hole densities are equal to each other and the electron and hole level occupancies (averaged over the QD ensemble) are also equal to each other (3) This assumption reduces the total number of the rate equations by two-only one equation is now required for free carriers and one for confined carriers. 5) The fraction of spontaneous emission in the lasing mode is ignored (see Section III-A). 6) The free-carrier density dependent component of the internal losses is ignored. This is justified for properly designed QD lasers, when parameters of the structure are well away from their critical values [26] and hence the carrier density is low. Thus, the internal losses are taken as constant, which is also supported by the experimental data [15] . This kind of internal losses may be attributed to the absorption outside the active region and the OCL (e.g., in the cladding layers), or to the scattering at rough surfaces [20] . 7) Excited-state transitions in QDs are not taken into account. Taking proper account of the above factors would tangibly complicate the calculations, while leaving our main results and conclusions unaffected. Their inclusion, to be treated in a separate study, can only lead to additional contributions to the fundamental nonlinearity mechanism studied here. This mechanism is inherent to any semiconductor laser based on a quantum-confined active region.
B. Rate Equations
With the above assumptions, we have the following set of rate equations for carriers confined in a QD, free carriers in the OCL and photons:
where is the cross-section of carrier capture into a QD, is the carrier thermal velocity, is the spontaneous radiative lifetime in a QD given by (8) in [29] , is the light velocity in vacuum, is the group index of the dispersive OCL material, is the surface density of QDs, is the QD layer area (the cross-section of the junction), is the QD layer width (the lateral size of the device), is the QD layer length (the cavity length), is the maximum (saturation) value of the modal gain spectrum peak (see [29] and (41) in [30] ), is the number of photons in the lasing mode, is the OCL thickness, is the radiative constant for the OCL (given by (10) in [29] ), is the injection-current density, is the mirror loss, is the facet reflectivity, and is the modal internal loss [see assumption 6) above].
The quantity , where , is the carrier excitation energy from the QDs and the temperature is measured in units of energy.
Condition 4) of charge neutrality that holds separately in the OCL and in the QDs implies that the same capture cross section (denoted as ) is assumed for both electrons and holes. If the capture cross sections are different, should be regarded as an effective carrier capture cross section. For a large difference, the lower of the two capture cross sections will be effective, since the device performance will be controlled by the slower capture process. Thus, if the individual charge neutrality of QDs is not assumed, the following interpolation may be used for the effective capture cross section:
.
The first term on the right-hand side of (4) is the capture rate into a QD (in s ). The second term is the rate of thermally excited escapes of carriers from a QD; it can be written as , where the characteristic time of escapes is [29] (7)
For a specific structure considered in Section V, ps. The third and the fourth terms are the spontaneous and stimulated radiative recombination rates in a QD, respectively; is the number of QDs.
The maximum modal gain is related to the maximum material gain (gain reduced to one QD) as follows [29] : (8) where is the mean size of QDs, is the optical confinement factor in a QD layer (along the transverse direction in the waveguide), and is the characteristic length of the light confinement in the transverse direction in the waveguide. The factor (9) converting the material gain into the modal gain is simply the ratio of the total volume of all QDs (more precisely, the volume wherein carriers are confined) to the volume wherein a photon is confined.
With (8) , the ratio in (4) becomes (10) where is the maximum value of the stimulated emission cross-section in a QD averaged over the laser line (given by (22) in [29] ). The factor in (10) is the ratio of the volume wherein an electron is confined to the volume wherein a photon is confined. Since the emitted light penetrates into the cladding layers to some extent, is larger than the OCL thickness and is larger than the OCL volume . Actually, the electron wave function is also not completely localized within the QD, penetrating into the OCL and hence, in (8)- (10) , is somewhat larger than the QD size. Nevertheless, since the material gain is inversely proportional to [29] , the volume-wherein an electron is three-dimensionally (3-D) confined-drops out effectively of (10) .
The first term on the right-hand side of (6) is the stimulated emission rate into the mode and the second term is the damping rate of the mode.
The first and the second terms on the right-hand side of (5) are the rates (in cm s ) of thermally excited escapes from QDs and capture into QDs, respectively. The third term is the spontaneous radiative recombination rate in the OCL and the last term is the rate of free-carrier injection into the OCL.
Since we neglect the carrier transport to QDs and assume uniform carrier distribution in the OCL, we effectively consider QDs as being evenly distributed over the OCL volume with a 3-D density of [cf. (5)].
We are interested in continuous-wave operation and hence use the steady-state ( ) rate equations.
III. MAIN RESULTS: CLOSED-FORM ANALYTICAL SOLUTIONS
A. Confined Carrier Level Occupancy in a QD (Carrier Density in the Active Region)
From (6), it follows immediately that the confined carrier level occupancy above threshold pins at its threshold value (11) where we introduced the maximum modal gain in units of s and the photon lifetime in the cavity as follows: (12) (13) For zero-dimensional (0-D) active region (QDs), the level occupancy is an analog of the carrier density for a higher dimensional active region (QWR, QW, or bulk). The conclusion on the pinning of the carrier density above threshold is general and holds for bulk and quantum-confined active regions of all dimensionalities (QD, QWR, and QW), provided the above assumptions are justified. This is apparent from the steady-state rate equation for photons-if the spontaneous-emission fraction in the lasing mode and SHB are ignored, the modal gain spectrum peak pins above threshold: , where and are the carrier densities in the active region. If, in addition, the charge neutrality holds in the active region ( ), a constant value of is obtained. Taking account of the spontaneous emission fraction in the lasing mode causes the gain and hence to increase with the injection current, both approaching asymptotically their values obtained by neglecting this effect [31] .
The SHB of the population inversion profile by the optical mode results in changes in the local carrier density in the active region [20] . Due to this effect, the average (over the longitudinal direction) modal gain and hence the level occupancy in a QD, are both higher than their threshold values [26] . The higher the injection current, the larger is this increase.
To our knowledge, no consideration has been given to charge neutrality violation in the active region of a semiconductor laser as it affects the output power. This effect may disrupt the pinning of the electron and hole level occupancies in a QD above threshold and cause their dependence on current, similarly to the way it causes their temperature dependence [30] , [32] . We will address this issue in a separate work.
It should be emphasized that, for lasers based on a quantumconfined active region, only the carrier density within the active region is pinned above threshold. Outside the active region, the carrier density rises with the injection current. This point, at once apparent from the analysis below and of crucial importance, has been usually overlooked until recently even for much studied QW lasers. There have been reports of an increase in spontaneous emission from the OCL attributed to the increase in carrier density there with current above threshold [16] [17] [18] [19] [20] [21] [22] [23] . There have also been calls [20] for studying the extent to which the absence of carrier density pinning outside the active region contributes to the reduction of the internal differential quantum efficiency . However, to our knowledge, no quantitative studies of this effect have been reported.
The approach used below is general and based directly on the rate equations. The following analysis is performed for a specific case of a QD laser and then is generalized for a semiconductor laser based on quantum-confined active region of an arbitrary dimensionality (Section VI). Hence, all our conclusions apply equally to QD, QWR, and QW lasers.
B. Free-Carrier Density in the OCL and Photon Number
Substituting from (11) into (4) and (5) gives a set of equations for and versus injection current. From (4), we have (14) where is the carrier density in the OCL at the lasing threshold (not to be confused with the threshold carrier density in the active region) given by (15) The stimulated recombination current density is (16) The current density of the carrier capture into the QD ensemble at the lasing threshold [see the second term on the right-hand side of (5)] is (17) The terms in brackets may be regarded as the reciprocal of the "capture time" and the "capture velocity" into the QD ensemble (see Section III-F1 and Section VI).
With (4), we write (5) as follows (18) where is the threshold current density given by (19) The second terms on the right-hand sides of (14) and (18) represent, respectively, the increase of the carrier density and of the spontaneous radiative recombination current density in the OCL over their threshold values, caused by the excess of the injection-current density above threshold.
Inserting from (14) into (18) yields a quadratic equation in (i.e., in the photon number ) (20) where is the threshold current density component corresponding to the spontaneous recombination in the OCL [the second term on the right-hand side of (19)] (21) Note that is not a component of the threshold current density. As can be seen from (4) and (5) (22) where is the current density of carrier escape from the QD ensemble and is the threshold current density component corresponding to the spontaneous recombination in QDs, viz.
Since pins at its threshold value above threshold, so do and . Thus, the quadratic (in and hence in the photon number ) term enters into (20) for . This stems from the bimolecular (quadratic in carrier density) character of the recombination in the OCL [see the second term on the right-hand side of (18)] and from the linearity of with [see the second term on the right-hand side of (14)]. Solution of (20) gives (i.e., ) as a function of ; substituting this function into (14) we obtain an expression for . It is natural and convenient to express these quantities in terms of the internal differential quantum efficiency . Thus, we obtain the following equations for the surface density of photons (the photon number per unit area of the active layer) and carrier density in the OCL: (25) (26) where itself depends on . When the nonradiative Auger recombination in the OCL is also taken into account in addition to the spontaneous radiative recombination, instead of (18) we have (27) with the threshold current density being given as [compare with (19) ] (28) where is the Auger recombination constant in the OCL (in cm /s). Inserting from (14) into (27) gives a cubic equation in (29) The cubic term in (29) is due to Auger recombination. A closed-form solution of (29) in the general case of an arbitrary , obtained using Cardano's formula, will not be presented here for reasons of space.
The following analysis is based on (20) . We will turn to (29) in Section IV-B2.
C. Internal Differential Quantum Efficiency
Above the lasing threshold, the internal differential quantum efficiency of a semiconductor laser is defined as the fraction of the excess of the injection current over the threshold current that results in stimulated emission (30) where and are the injection and threshold currents, respectively. Solution of (20) yields (31) Thus, is seen to be a decreasing function of ( Fig. 1 ). Since the level occupancy in a QD (the carrier density in the higher dimensional active region-QWR or QW) clamps above threshold, so do the nonradiative (if any) and the spontaneous radiative recombination currents in QDs (in the active region), being controlled by this level occupancy (by the carrier density in the active region). For this reason, the increase (over the threshold current) in the fraction of the injection current delivered to the active region goes entirely into the stimulated recombination:
. Hence, above threshold, is equal to the differential injection efficiency defined as the fraction of the injection-current excess that enters the active region . 
D. Output Power Versus Injection Current (Light-Current Characteristic)
The output optical power is of the form (32) where is the photon energy, is the stimulated recombination current, and (33) is the optical efficiency of the laser cavity for light emitted from both edges (Fabry-Perot cavity is considered here); accounts for the fact that a quantity of photons disappears through internal losses, rather than leaves the cavity through the mirrors to be collected as useful power. The dependence of on the injection-current is given by (31) .
It is evident from (31) and (32) that the dependence of the output power on the injection current is sublinear (see Fig. 2 and Section IV-B and Section IV-C below for more details). This sublinearity of the LCC stems from the absence of pinning of the carrier density outside the active region ( Fig. 3) and from the superlinearity of the recombination rate with respect to in that region.
Equation (14), relating to by a linear dependence, is unaffected by a specific type of the dominant recombination channel in the OCL. For a monomolecular recombination (linear in , such as recombination on impurities), this yields a linear dependence of on instead of (20) . If this were the dominant channel, the LCC would be linear at any and the internal quantum efficiency would then be constant, albeit less than unity (34) where is the nonradiative recombination lifetime and is the "capture time" into the QD ensemble (see Section III-F1). It should be pointed out, however, that recombination via nonradiative centers is never the dominant channel in high-quality laser structures where the density of such centers is low.
E. External Differential Quantum Efficiency
The external differential quantum efficiency is defined as (35) In view of the current-dependence of the internal quantum efficiency (Fig. 1) , the product of the latter and the optical efficiency does not present in general the external efficiency. From (32), we get (36) Since is a decreasing function of , the expression in the brackets is less than unity. Hence, at , due to the LCC sublinearity, even for (Figs. 1 and 4). With (31), the following equation for is obtained:
F. Key Parameter Controlling Power Characteristics
As seen from (25), (26), (31), (32), and (37), for a given , the internal and external quantum efficiencies, the free-car- . The injection-current density and parameters are the same as in Fig. 4. rier density in the OCL, the stimulated photon number and the output power are all controlled by the ratio (38) It depends critically on the structure parameters (see below). The lower the ratio (38), the closer is to unity (Figs. 1 and 4) and the more linear is the LCC (Fig. 2) . Ideally, when this ratio vanishes (e.g., when -no recombination in the OCL), at an arbitrary injection current and the LCC is linear. In this case, , and [given by (25) , (26) and (32), wherein ] are linear functions of . In general, however, is a tangible fraction of the total . It is this component that should be first of all suppressed to minimize and optimize the structure [26] , [29] , [30] , [32] [33] [34] . The conclusion that high-power performance of a laser is inseparably controlled by the threshold characteristics is of great importance. The higher the excess of the injection current over the threshold current, the stronger this relation is manifested ( Figs. 1 and 2) . The higher the required output power is, the lower should be (Figs. 2 and 5 ). Although we have reached this conclusion in the instance of a QD laser, it will be shown in Section VI that all the above equations-and hence the conclusion-remain valid for lasers with a quantum-confined active region of arbitrary dimensionality. Therefore, the usual approach to obtaining high powers in injection lasers, which neglects or considers separately the issue of reducing , appears to be rather off-base. We remark, finally, that since QD lasers offer the lowest threshold current density among all currently used semiconductor lasers, our results prove their another-extremely important-potential advantage, namely the possibility of achieving the highest output powers (see Section V).
1) "Capture Time" Into the QD Ensemble:
The ratio in (38) can be written as follows: (39) where the time constants (40) (41) may be regarded, respectively, as the recombination time in the OCL at the lasing threshold and the "capture time" into the QD ensemble. The time constant (42) has the meaning of a "capture time" into the unoccupied QD ensemble (when ). For a specific structure considered in Section V, ps. With (41), the stimulated emission current density and the output power become (43) (44) Equations (43) and (44) have an evident meaning: the carrier supply to QDs, the origin of all stimulated photons and optical power, occurs by the capture process (see discussions in Section IV-B and Section IV-C).
For both nonlinear recombination channels in the OCL, either spontaneous radiation (presently considered case), or nonradiative Auger recombination (considered below), the time depends on the carrier density in the OCL at threshold, as or , respectively. The "capture time" is inversely proportional to the 3-D density of unoccupied states in the QD ensemble . Both and [see (11) and (15) ] depend crucially on the structure parameters. For this reason, and thus defined are not the true time constants describing the respective processes [in contrast to , which is independent of the carrier density-see (34) ]. Further still, is a characteristic of the entire QD ensemble, rather than of a single QD. In the strict sense, the time for the carrier capture into a single QD can not be introduced properly (though this is sometimes done in the literature). An adequate physical quantity, describing correctly the carrier capture into a single QD, is the capture cross-section . For the reasons above and to avoid misinterpreting, we will not use and frequently. The level occupancy in a QD (11) ranges within . The low value of 1/2 corresponds to vanishing total losses (infinitely long cavities and zero internal losses), when the lasing threshold is close to the transparency (inversion) threshold. The high value of 1 is for the highest tolerable losses determined by the maximum modal gain (equivalently, when one of the structure parameters , , or , is close to its critical tolerable value, , , or , respectively [26] ). The minimum value of the ratio (obtained when , and hence ) is typically much less than unity. Thus, for a specific structure considered in Section V, it is 10 at room temperature.
When
, increases as -see (15) . Hence, increases as [so does the total -see (19) and (21)]. As this takes place, the capture current density tends to a constant value [this is seen from (17) and (15), or, equivalently, from (22)- (24)] (46) Hence,
. As a result, the internal quantum efficiency and the output power drop to zero (Figs. 4 and 5) .
In view of the critical dependence of the ratio on structure parameters, optimization of the design is of crucial importance. Thus, for the optimized structure of Section V ( ), this ratio is 3 10 , i.e., it is close to its minimum value. What this means is the LCC of such an optimized structure will be linear up to very high injection currents (see Section V).
The critical dependence of threshold and power characteristics on the structure design, stemming from such behavior of , is also inherent in QWR and QW lasers (see Section VI).
IV. ANALYSIS OF SOLUTIONS FOR DIFFERENT LIMITING CASES
We shall consider different situations and limiting cases separately.
A. Linear Portion of the LCC (Low Injection Currents)
The injection-current density is slightly increased over . In the linear approximation, the quantities , and are given by (25) , (26) , and (32), respectively, by substituting therein the value of at (47)
The internal quantum efficiency is less than unity even at . When one of the structure parameters ( , , or ) is close to its critical tolerable value ( , , or , respectively), and the linear portion of the LCC disappears. where and are, respectively, the current densities of the capture into QDs and of the recombination in the OCL at a given injection-current density (not to be confused with their threshold values and ). The equations for and are (21) and (17), where in place of we now take the carrier density in the OCL above threshold; in (53)-(55), is given by (50).
B. Nonlinear Portion of the LCC (High Injection
Thus, we find that in the limit of high injection currents, the LCC is strongly sublinear (Fig. 2) . The photon number, the output power (Fig. 2) and the free-carrier density in the OCL (Fig. 3 ) all increase as , while the internal and external efficiencies decrease as (Fig. 1) . These square root dependences are a consequence of the assumed bimolecular ( ) recombination in the OCL. They can be readily derived from the following simple consideration. At high injection currents, the quadratic (in ) term in (20) is dominant and we have . Hence, the ratio (30) of the stimulated recombination current (proportional to ) to the current excess (proportional to ) becomes inversely proportional to , i.e., .
2) Asymptotic Equations for the Case When the Dominant Recombination Channel in the OCL is Auger Recombination:
The higher the degree of superlinearity of the recombination rate in the OCL with respect to the carrier density, the higher is the degree of sublinearity of the LCC. Since the nonradiative Auger recombination rate in the OCL increases as , this recombination channel can become dominant with increasing injection current. In this limit, the difference in (29) will be dominated by the cubic term, i.e., . Hence both and will be proportional to and the internal quantum efficiency . Let us derive the corresponding equations. Retaining at high injection-current density only the cubic (in ) term in (29), we find (56) Substituting from (56) into (14), (30) , and (32) and by (17) with defined by (57) substituted in place of .
C. Discussion
Thus, with increasing current, the linear dependence of the output power on changes first to a square-root and then to a cube-root dependence. The higher the excess current , the larger fraction of it goes into parasitic recombination (first spontaneous and then Auger) outside the active region. When this recombination is the main cause of the LCC sublinearity, the actual shape of the LCC contains valuable information about the dominant recombination channel in the OCL at a given injection-current density.
As seen from (49), (51)- (55), (56) and (58)- (60), at high injection currents, the output characteristics of the laser (the photon number, the internal quantum efficiency and the optical power) are controlled by the carrier capture into QDs [see also the general equations (43) and (44)]. This is particularly apparent from (53)-(55), showing that under high injection (when (48) holds) the stimulated recombination current is purely the capture current. This is also readily seen directly from inequality (48), which describes the condition that the excess of the injection-current density over threshold is much larger than the capture current density at the threshold or, in other words, that the carrier supply into the OCL by injection exceeds the carrier consumption by QDs via the capture process. This means that capture into the active region is the bottleneck and hence carriers accumulate in the OCL much in excess of their threshold amount. This is why the carrier density in the OCL will not depend on the capture cross-section [cf. (50) and (57)] being determined solely by and by the specific type of the dominant recombination channel in the OCL. At the same time, the photon number, the power output and the internal and external efficiencies will be strongly limited by the capture cross-section . This does not mean we must necessarily face insurmountable problems associated with carrier capture, such as the phonon bottleneck. As will be shown below, in properly optimized QD laser structures (when parameters are far away from their critical values), the LCC will be linear up to very high injection currents and essentially capture-independent.
Inequality (48) presents a criterion for injection-current densities at which the LCC is strongly sublinear. With other parameters fixed, the larger the capture cross-section, the higher should be to enter the nonlinear regime (48). Therefore, structure optimization aimed at enhancing the linearity of LCC would benefit from larger .
It should be apparent from (14) and (26) that it is the noninstantaneous carrier transfer from the OCL to QDs that causes the free-carrier density in the OCL to increase (Fig. 3) . The second term on the right-hand side of these equations, representing the increase in the carrier density above threshold, is capture controlled. As seen from (44), the slower the carrier supply to the active region (the longer ), the larger should be (and hence, ) to yield a given output power. The free-carrier density would be constant only if carriers could be instantly transferred into the active region [only for we get in (44)]. This conclusion is general for quantum-confined laser of any dimensionality. When carriers are indirectly supplied to the active region, the carrier density in the feeding reservoir does not pin above threshold (see Fig. 3 and also below). Neither does the spectrum of spontaneous emission from the reservoir (see [16] [17] [18] [19] [20] and [22] for experimental observation of this in QW lasers); the integrated (over the spectrum) intensity of spontaneous emission increases as . It is worthwhile to note that the reservoir effect may also have important dynamic manifestations. As is well known, the carrier density unpins when the injection current varies in time and may dip below the threshold value. The finite capture delay, due to the reservoir effect, introduces an additional contribution to this dip, which may be viewed as some kind of a dynamic spatial hole burning [16] . In this paper, however, we consider only the steady-state laser operation, when the carrier density in the active region remains at its threshold value determined by the generation condition.
Another note may be in order here, concerning the assumed linearity (in the carrier density in the reservoir) of the capture current. Because of this assumption, we obtain a sublinear LCC only if the recombination rate in the reservoir is superlinear. In contrast, when the carrier capture rate itself is nonlinear and grows faster with than does the recombination rate, then a superlinear LCC is theoretically possible [35] .
To summarize, the sublinearity of the LCC at high injection currents is caused by 1) the absence of pinning of the free-carrier density outside the active region (caused in turn by the noninstantaneous carrier capture into the active region) and 2) the superlinearity of the recombination rate with respect to the free-carrier density. This mechanism is inherent to quantum-confined lasers of arbitrary dimensionality. Observations of capture-limited operation of QW lasers have been reported in [17] [18] [19] .
As seen from (53)- (55), in the strongly nonlinear regime (capture-controlled limit) there is no dependence on (except that via ). This is because the free-carrier density in this regime is determined solely by [see (50) and (57)]. As seen from (25) and (32), at low injection-current densities and when the structure parameters are well away from their critical values, i.e., when is close to unity and the LCC is linear, the dependence of and on the structure parameters comes only from the threshold current entering into the difference ; that is to say the structure parameters in this limit only affect the lasing threshold point in the LCC. At high injection-current densities, we see the emergence of a strong dependence of and hence of the shape of the light-current curve on the structure parameters (see (49), (51), (52), (56), (58)-(60), and Figs. 1 and 2 , as well as Section V for illustrative calculations).
D. LCC in the Case of High Threshold Current Density
This case corresponds to large inhomogeneous line broadening, short cavity length (high losses), or small surface density of QDs, when one of the structure parameters is close to its critical tolerable value (maximum QD size dispersion, minimum cavity length, or minimum surface density of QDs). As discussed in Section III-F2, in this case and the ratio . In this limit, the quantities , , and are given, respectively, by (25) , (26), (32) , and (37), with the following expression for [obtained from (31) ]:
As is evident from (62), in this limit the entire LCC, including its initial portion, is capture-controlled and sublinear (cf. the lowest curve in Fig. 2 ). This is because the injection-current densities (which must exceed the already high ) are now always in the high regime, where the laser performance is capture-controlled, as shown above. Note that (49) is immediately obtained from (62) by taking in the latter the limit .
V. ILLUSTRATION OF RESULTS
We shall consider a GaInAsP-InP heterostructure similar to that used in previous theoretical studies [26] , [29] , [30] , [32] . Room temperature continuous-wave operation near 1.55 m is assumed. The exemplary device has as-cleaved facets at both ends (
) and a single layer of QDs (the average size of cubic QDs is 150 ). The capture cross-section is plausibly taken to be 10 cm [26] (which is much less than the geometrical cross-section of a QD).
The optical efficiency is assumed ideal (i.e., the internal loss is put ). This means that we disregard a possible additional effect on that would result from a freecarrier absorption in the OCL [18] , [19] .
The root mean square (rms) of relative QD size fluctuations (a Gaussian distribution is assumed), the cavity length and the lateral size are taken to be (10% size fluctuations), mm and m, respectively, unless otherwise specified. For the structure optimized to minimize the threshold current density at above values of and , the surface density of QDs and the OCL thickness are cm and m. These values of and (used everywhere below, unless otherwise specified) and the minimum threshold current density A/cm differ from those calculated in [29] . This is because, to be consistent with our assumption 4) of charge neutrality in both the OCL and the QDs, we have used (19) for (rather than (9) of [29] ). The resultant critical tolerable parameters are cm , (32.2%), and m. Generally, in an unoptimized device, and may deviate widely from unity and the LCC may be highly sublinear. To demonstrate the strong sensitivity of power characteristics on the structure design, we perform calculations at various values of (Figs. 1-3) , , and (Fig. 9) . As decreases below the optimum value, or increases, or decreases, the output power goes down and the LCC becomes more and more sublinear (Figs. 2, 6, and 9 ). The internal and external efficiencies depart significantly from unity and their drop with the injection current becomes stronger (Figs. 1 and 7) ; even at the threshold, they may be several times lower than unity. As seen from (26), a relative buildup of the free-carrier density above threshold is (63) As increases (i.e., decreases, or increases, or decreases) at a given , the internal efficiency decreases; simultaneously increases [up to its value at given by (46)]. Hence, even though the absolute value of at a given grows, the ratio goes down as increases. This can be seen from Figs. 3 and 8 .
The threshold quantities , , , and , determining the free-carrier density and the internal and external efficiencies [see (26) , (31) , and (37)] depend on the rms of QD size fluctuations and the cavity loss through their product . For this reason, Figs. 7 and 8 show , and both at a fixed but varied and a fixed but varied -the values of and are chosen so that is the same for both cases.
Since the output power depends on the cavity length not only through , but also through the trivial dependence on the device area [see (32) ], the asymptotes for the different curves in Fig. 9 are distinct.
For a given injection-current density , Figs. 10-14 illustrate the structure parameter dependences of the photon number, the output power, the quantum efficiencies and the free-carrier density in the OCL. The output power vanishes when is forced to rise to the level of the assumed (Figs. 10, 12, and 14) . We chose the injection-current density so high ( kA/cm ) that this occurs when the structure parameter is near its tolerable limit (viz., cm , , and m in Figs. 10, 12 , and 14, respectively), i.e., when the QD level occupancy is close to unity ( ). As discussed above [see (62)], both and vanish in this limit (Figs. 11 and 13) .
Conversely, as the structure parameter moves away from its critical tolerable value ( increases, or decreases, or increases), the surface density of photons (25) increases. As the level occupancy in a QD tends to 1/2, the photon density saturates. In this limit is independent of the structure parameters (Figs. 10, 12, and 14) , being determined solely by the excess of over . Both the internal and external efficiencies increase and saturate at unity (Figs. 11 and 13 ). The output power also saturates with increasing or decreasing (Figs. 10 and 12 ). As increases, the output power becomes linear in , following the apparent dependence on the device area (Fig. 14) . With the parameter moving away from its critical tolerable value, the free-carrier density drops significantly (Figs. 11 and 13) . Note that the dependences on both and are shown simultaneously in Fig. 13 , since the product [ ] is varied over the same range in both the bottom and top axes (see the earlier comment on Figs. 7 and  8) .
Thus, Figs. 10-14 clearly demonstrate the crucial importance of properly controlling the structure parameters in a QD laser intended for high-power applications. This primarily refers to the QD size dispersion and the surface density of QDs, since varying the cavity length is not much of a problem.
For the optimized structure, the level occupancy in a QD is far from unity (
) and the threshold current density is very low ( ). As follows from the above analysis, in this case should be close to unity and the LCC should be linear. Figs. 15 and 16 show the photon number, the free-carrier density in the OCL, the output power and the internal and external quantum efficiencies against (the bottom axis) and (the top axis) for an optimized broad-area device [with the lateral size (the stripe width) m]. Notably, the photon number per QD increases from 0 to about 12 in the range of the injection-current density shown (Fig. 15) . The carrier density in the OCL (Fig. 16) increases by more than an order of magnitude (from to 1.21 10 cm ). As Fig. 15 suggests, for optimized structures (at least when the parameters are well away from their critical tolerable values), the LCC is Power and photon number per QD are also shown. The top axis shows the excess injection current. Fig. 16 . Injection-current density dependence of internal quantum efficiency (solid curve), external differential efficiency (dashed curve) and free-carrier density in the OCL (right axis) for an optimized QD laser structure as in Fig. 15 . The top axis shows the excess injection current.
practically linear up to very high . The internal and external efficiencies, being close to unity, decrease by only 3.8% and 7.3%, respectively, as increases by more than three orders of magnitude (from 12.41 A/cm to 15 kA/cm ) (Fig. 16) . Hence, the feasibility of properly designed QD lasers for high-power generation is theoretically justified here. This is best demonstrated by Fig. 15 -the output power exceeds 11 W at kA/cm ( A); for this current, and .
VI. GENERALIZATION TO SEMICONDUCTOR LASERS WITH A QUANTUM-CONFINED ACTIVE REGION OF ARBITRARY DIMENSIONALITY
In this section, we show that (31) and (37) for and obtained for a QD laser, remain valid also for QW and QWR lasers, supplemented by modified equations for and . In the general case, the steady-state rate equations for the carriers confined in the active region, the free carriers in the OCL and the photons can be written as follows: (64) (65) (66) where , , , and are the current densities associated with the same processes as in the case of a QD laser and is the spontaneous radiative recombination current density in the active region; with being the modal gain spectrum peak in the active region.
The capture current density is (67) where [cf. (41)] is the "capture time" into an empty quantum-confined active region (when the subband-edge level occupancy ). Equation (67) can be put in the equivalent form (68) where we have formally introduced the capture velocity (in centimeters per second) by (69) The velocity of capture into an empty quantum-confined active region is denoted by so that . The capture velocity is an analog of the surface recombination velocity.
For a QW, it is that describes adequately the capture process and that should be calculated from the first principles.
With (41), we get for a QD active region (with being the surface density of QDs) (70) For a specific structure considered in Section V, cm/s. To express in terms of the "capture time" [see (67)], an "artificial" dependence of the latter on the OCL thickness has been introduced in a QD case [see (41)]. This dependence drops out of (68). In contrast to , there is no such artificial dependence in . Hence, is a "better" parameter than . However, it still does not adequately describe the capture process into a single QD. Like , the constant is a characteristic of the entire QD ensemble. An adequate physical quantity, describing correctly the carrier capture into a single QD, is the capture cross-section , cf. Section III-F1.
Similarly, for a QWR active region we define (71) where is the linear density of QWRs (in cm ) and is the cross-length of the carrier capture into a QWR. In view of the (formally) infinite length of a QWR along the direction of free motion of carriers, it is the capture cross-length, rather than the cross-section, that is the appropriate physical quantity to describe the capture into a QWR (in contrast to the QD case, where the capture process is adequately described by a cross-section ).
The current density of the carrier escape from QWs is (72) where is the number of QWs, is the 2-D carrier density in a QW (in cm ). For a QD laser, is given by (23) . For a QWR laser, we have (73) where is the 1-D carrier density in a QWR (in cm ). The spontaneous radiative recombination current density in QWs is (74) where is the radiative constant for a 2-D region (in cm /s). The analogous quantity for QDs is given by (24) . For QWRs (75) where is the radiative constant for a 1-D region (in centimeters per second).
When spontaneous radiation is the dominant recombination channel in the OCL, then (76) where is the radiative constant for bulk (3-D) region (in cm /s) and is the free-carrier density in the OCL.
When the nonradiative Auger recombination dominates, then is given by (61). From (66) follows (16) for and we immediately conclude that the carrier density in the active region pins above threshold. Both and , since they are controlled by the carrier density in the active region [see (72)-(75)], clamp above threshold; hence, using (64), we regain (14) [or equivalent (26) ] for the free-carrier density outside the active region. In this equation, the free-carrier density at the lasing threshold is of the form (77) For a QD laser, is given by (15) . For a QW laser, using (72) and (74) (14) ] yields (20) for . When the nonradiative Auger recombination in the OCL is also included, the previous equation (29) is regained for . Thus, all our earlier results and conclusions [including (31) and (37) for and ] derived from (20) for a QD laser, remain valid for lasers with a quantum-confined active region of an arbitrary dimensionality.
In particular, this applies to our conclusion about critical dependences on the structure design. Thus, from (77)-(79) it follows that as . For QW lasers, the critical tolerable parameters are the minimum number of QWs and the minimum cavity length. For QWR lasers, these are the minimum linear density of QWRs, the maximum QWR size dispersion and the minimum cavity length.
VII. CONCLUSIONS
Carrier density in QD, QWR, and QW lasers pins above threshold only in the active region. In regions abutting and feeding carriers by a capture process to the quantum-confined region, the carrier density rises with injection current, owing to a nonvanishing capture delay. This "reservoir effect", combined with the superlinearity of the recombination rate with respect to the carrier density outside the active region, gives rise to a new type of sublinearity of the LCC at high injection and limits the power performance of semiconductor lasers with a quantum-confined active region.
We have developed a theory of this effect under steady-state conditions and derived for the first time a universal closed-form expression for the current dependence of the internal differential quantum efficiency . In this dependence, the key parameter is the dimensionless ratio of the recombination current in the reservoir to carrier capture current, both taken at threshold. The universal expression retains the same form for QD, QWR, and QW lasers.
The actual shape of nonlinear LCC depends on the dominant recombination channel outside the active region. For spontaneous radiative bimolecular ( ) recombination or nonradiative Auger ( ) recombination in the OCL, the output power at high injection currents increases as or , respectively, and the quantum efficiency decreases as or , respectively. Analysis of the LCC shape provides, therefore, a method for identifying the dominant recombination channel in the OCL.
We demonstrate a direct relationship between the power and the threshold characteristics in the sense that reducing the threshold current density is a key to increasing the output power and internal quantum efficiency. This indicates that for high-power applications, QD lasers may have a major advantage over conventional QW lasers.
Our general results have been illustrated in detail in the instance of QD lasers and their high-power performance. This analysis should be highly relevant in the design of such lasers, since we show that the power performance of a QD laser critically depends on such structure parameters as the surface density of QDs, the QD-size dispersion and the cavity length. When one of the structure parameters ( , , or ) approaches its critical tolerable value ( , , or , respectively) and hence the threshold current density tends to infinity, both the output power and the quantum efficiency vanish. As this takes place, the LCC is initially sublinear, being always controlled by the capture process. On the other hand, as the structure parameter is moved away from its critical value, the structural dependence of , , , and reduces to the dependence of the threshold current density on , and , i.e., to the structural dependence of the threshold point.
In properly optimized QD lasers, when the structure parameters are far away from their critical tolerable values, the LCC is linear with both the internal quantum efficiency and the external differential efficiency being close to unity up to very high injection-current densities (15 kA/cm ). Output powers in excess of 10 W at the internal quantum efficiency higher than 95% have been shown to be attainable in broad-area QD devices.
We note, finally, a radically new design strategy, recently proposed to improve the temperature stability of QD lasers [33] , [34] . In this approach, the two reservoirs feeding carriers into the quantum confined region are essentially unipolar and the finite-delay capture process is not accompanied by a build-up of a bipolar carrier density and additional recombination. We therefore expect that lasers designed according to [33] , [34] will exhibit linear behavior and excellent power performance. 
